


NASA CR 72516
PWA -3597

SEMI-ANNUAL REPORT NO, 7
DEVELOPMENT OF COMPRESSOR END SEALS
STATOR INTERSTAGE SEALS, AND STATOR PIVOT

SEALS IN ADVANCED AIR-BREATHING
PROPULSION SYSTEMS

Prepared for
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
20 January 1969
CONTRACT NAS3-7605
Technical Management

NASA Lewis Research Center
Cleveland, Ohio

Project Manager
L. P. Ludwig
Fluid Systems Components Division

Written by: Z WW Qm Q/)&/L—-W

R. M. Hawkins A. H. McKibbin
Project Manager Assistant Project Engineer-
Analytical

Approved by: / %Z

/R/] D, Shevchenko

Senior Project Engineer

Pratt & Wh itney q i rcraﬂ DIVISION OF UNITEDQ:RAFT CORPORATION

®
EAST HARTFORD, CONNECTICUT



PRATT & WHITNEY AIRCRAFT PWA-3597

PREFACE

This report describes the progress of the work conducted between 30 June 1968
and 31 December 1968 by the Pratt & Whitney Aircraft Division of United Air-
craft Corporation, East Hartford, Connecticut on Contract NAS3-7605, Develop-
ment of Compressor End Seals, Stator Interstage Seals, and Stator Pivot Seals
in Advanced Air-Breathing Propulsion Systems, for the Lewis Research Center
of the National Aeronautics and Space Administration,

Roger M, Hawkins is Project Manager for Pratt & Whitney Aircraft for this
program,

The following National Aeronautics and Space Administration personnel have
been assigned to the project:

Contracting Officer J. H, DeFord
Contract Administrator L. Schopen
Project Manager L. P. Ludwig
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ABSTRACT

The compressor seal test rig was assembled and tested; modifications were
made to correct rig discrepancies. Static testing of floating-shoe compressor
seals revealed excessive leakage because of tilting of the shoes; modifications
were initiated. Vane pivot seals were evaluated at simulated engine conditions
and the bellows type exhibited low leakage rates.
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SUMMARY

This report describes the work accomplished during the seventh six-month period
of an analytical, design, and experimental program directed at developing com-
pressor end seals, stator interstage seals, and stator pivot seals for advanced
air-breathing propulsion systems.

Work under Tasks I and III was completed during the first two and one-half years
of this confract, and is discussed in the first five semiannual reports. For

Task I, this work consisted of feasibility analyses of the one-side and two-side
floated shoe seals, the OC diaphragm seal, the semirigid seal, and the flexure-
mounted shoe seal. For Task III, the single-bellows vane pivot seal and the
spherical-seat vane pivot seal were analyzed. No work on Tasks I and III was
carried out during this reporting period, but very brief summaries of the two tasks
are included in this report for general background information,

Work under Task II progressed after delivery of the one-side floated-shoe end
seal to Pratt & Whitney Aircraft in July 1968. Proximity probes were calibrated
and the seal was installed in the test rig. Static tests showed excessive leakage
rates, and subsequent investigation indicated that the floated-shoe segments were
tilted in respect to the seal plate. A segmented thrust ring was fabricated so that
the mating rings could align with greater precision, and vent and bleed holes were
added or enlarged. At the end of the reporting period, the modifications were in-
stalled in the static bench test fixture for a second room-temperature calibration.

The one-side floated-shoe interstage seal was delivered in October, and static
testing showed excessive leakage. This seal will be reworked in the same
manner as the end seal and will be re-tested.

Fabrication of the OC diaphragm end seal continued, as did checking of the test
rig and the test stand.

Work under Task IV (vane pivot seals) included testing of two single-bellows

units and two spherical seat seals at simulated engine conditions; the single-
bellows type exhibited low leakage rates.
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INTRODUCTION

Modern high-performance multistage axial-flow compressors built with state-of-
the-art features incorporate several air leakage paths which are detrimental to
compressor performance. Elimination or significant reduction of these leaks
would result in a compressor of higher efficiency and possibly smaller size.
Some typical areas of leakage paths with estimates of percent air loss and po-
tential effect on compressor performance are:

Effect on
Air Ioss Compressor Efficiency
End Seal 0. 6% 1. 0%
Interstage Stator Seals (10 stages) 0. 9% 1. 0%
Vane Pivot Seals (variable stator) 0.2% per 0.2% per
stage stage

Increases in compressor efficiency are traditionally sought by means of com~
pressor geometry redesign. A few extra points in efficiency often mean the
difference between a successful or an unsuccessful design. These increases as

a result of geometry changes are always very expensive and not always successful.
On the other hand, the efficiency losses resulting from air leaks are strikingly
large. The gains in efficiency, however, must be balanced against any detrimental
effect that improved sealing may have on the engine, such as lower reliability or
increased weight.

This program will provide for a research, analytical, and test program having
as its goal the development of compressor end seals, stator interstage seals,
and vane pivot seals which exhibit lower air leakage rates than those currently
in use. Because seal deformation will probably be a major problem area, the
components will be of such size, materials, and designs as to be considered to
be flight weight and applicable to compressors for advanced engines.
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I. TASKI - CONCEPT FEASIBILITY ANALYSIS PROGRAMS
FOR COMPRESSOR END SEALS AND FOR
COMPRESSOR STATOR INTERSTAGE SEAIS

A feasibility analysis was conducted on compressor end seals and stator inter-
stage seal concepts for advanced air-breathing propulsion systems. The first
phase of this program consisted of a preliminary analysis and screening of -
various seal concepts prior to the selection of concepts for the detailed feasibility
analysis. The analytical effort included all calculations, analyses, and drawings
necessary to establish the feasibility of the selected concepts, and a comparison
of the concepts to current practice. This analytical program was subcontracted
to Mechanical Technology Incorporated (MTI) of Latham, New York, and was
monitored by Pratt & Whitney Aircraft as required under the terms of the NASA
contract. The results of the feasibility analysis are reported in Semiannual
Reports 1, 2, 4, and 5.

As a result of the concept screening studies, the one-side floated-shoe com-
pressor end seal and stator interstage seal concepts were selected for final
feasibility studies. Pratt & Whitney Aircraft submitted the final feasibility de-
signs of these seals to NASA on 19 May 1966 requesting approval to start final
design under Task II. Approval was granted in a letter from NASA dated 31 May
1966. Final feasibility analysis of these seals are reported in Semiannual
Reports 1 and 2.

Contract Amendment Number 2, effective 15 December 1966, was received

from NASA for the feasibility analysis of an OC diaphragm thin-strip seal design.
As a backup effort, the contractor also performed a feasibility analysis on a
semi-rigid one-piece seal concept. The results of these analyses (see Semi-
annual Reports 4 and 5), indicated that both seals will yield satisfactory per-
formance. Pratt & Whitney Aircraft subsequently selected the OC diaphragm
thin-strip seal for the compressor end seal application and the semirigid one-
piece seal for the interstage application.

The feasibility design concepts of the OC diaphragm end seal and the semirigid
interstage seal were submitted to NASA on 3 October 1967, and the contractor
requested approval to start final flight-weight design under Task II. Approval
was granted in a letter from NASA dated 6 November 1967.
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II. TASK II - COMPRESSOR END SEAL AND STATOR
INTERSTAGE SEAL EXPERIMENTAL EVALUATION

This phase of the program provides for final design and fabrication of compressor
end seals and stator interstage seals, design and fabrication of a test rig, and
experimental evaluation of the compressor seals.

The final design of the four compressor seal concepts selected for experimental
evaluation includes all calculations, material determinations, analyses, and
drawings necessary for seal optimization, procurement, and experimental eval-
uation. A test rig has been designed and fabricated to evaluate the selected
compressor end seals and stator interstage seals under simulated compressor
operating conditions. The test apparatus simulates the last stages of a full-
scale compressor, including supporting members and bearing system in or-
der to faithfully duplicate structural flexibility and thermal gradients.

The compressor end seals and stator interstage seals will be calibrated in incre-
mental steps at room-temperature static conditions, room-temperature dynamic
conditions, and subsequently over the full speed, pressure, and temperature
operating ranges. The seals will then be subjected to endurance testing and
finally will undergo a take-off and cruise cyclic test.

Final design layouts and detailed drawings have been completed for the one-
side floated-shoe end and interstage seals, the OC diaphragm end seal, the
semirigid interstage seal, and for the full-scale test rig in which the seals will
be evaluated. The one-side floated-shoe end seal, the one-side floated-shoe
interstage seal, and the full-scale test rig have been procured.

A, ONE-SIDE FLOATED-SHOE END SEAL

The one-side floated-shoe end seal is a face seal consisting of a ring of 24 seal
shoe segments acting against a rotating surface (the seal runner) attached to

the compressor rotor. Figure 1 is a schematic drawing of the seal. The surface

of the seal runner is flat. The primary seal interface is between the stationary
ring of shoes and the runner surface, and the leakage flows radially inward through
the seal. Secondary seals are provided between the shoes and the carrier ring

at the secondary seal pads and the one-piece thrust ring. Another secondary

seal is provided between the seal carrier ring and the seal mounting ring at the
location of the secondary seal piston ring.

Fabrication of the one-side floated-shoe end seal was completed and the seal
was delivered to Pratt & Whitney Aircraft early in July 1968. The assembled
seal unit is shown in Figures 2 and 3. The proximity probes and thermocouples
were installed at Pratt & Whitney Aircraft, and subsequent calibration revealed
that the proximity probes were shorted out. The shorts were burned out by
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applying approximately 25 volts to the probe terminals and the probes were
calibrated to the saturation point. The linear range of the probes was 2 to 3
times the required range, and excellent repeatibility was demonstrated.

After the calibration of the probes, the seal was installed in the test rig and a
room-temperature static test was performed. The static test revealed ex-
cessive air leakage rates. As shown in Figure 4, the measured air leakage
rate was approximately 30 times the calculated rate for any given seal pressure
differential. Investigation revealed that the floated-seal shoe segments were
tilting with respect to the seal runner.

A static test fixture, shown schematically in Figure 5, was fabricated to allow
the contractor to perform several checks on the test seal which could not be
performed in the test rig. The static test fixture was designed to allow visual
examination of the bore of the seal (including the seal shoe segments) and to
allow the measurement of pressures and pressure drops in various regions of
the seal. An adapter ring was also designed to allow leakage past the secondary
seal piston ring to be measured separately from all other leakage paths. The
fixture was also supplied with internal illumination to allow visual checks to

ensure that there were no gross leakage paths past the primary or secondary
seals.

For the first test of the one-side floated-shoe end seal in the static test fixture,
ambient air calibration runs were made to determine whether the fixture would
duplicate the rig conditions. The results, which are compared with rig results

in Figure 6, show that the fixture gives results comparable with those from the
full-scale test rig. Figure 7 shows the corresponding apparent air-film thickness
as measured by the proximity probe.

As pressure was gradually increased, the seal carrier ring suddenly moved
axially about one-eight inch away from the seal runner. A corresponding jump
occurred in the reading of the proximity probes. This jump is illustrated in
Figure 7. When pressure was reduced, the carrier returned to its initial
position. The jump away from the seal runner has been explained as the result
of excessive leakage, causing a pressure imbalance resulting in a net force
pushing the seal carrier ring back.

A 2-mil feeler gauge was used to check the separation between the shoe seal
segments and the seal runner. The gauge could be inserted at the inner edge

‘of the shoes and pushed halfway across the shoe toward the outer edge, indicat-
ing that the shoes were tilted. An attempt was made to observe the tilt by shining
a light on the outer edge of the shoe and observing the slit light pattern at the
inner edge; no definitive conclusions could be drawn from the light patterns be-
cause of slight surface irregularities and edge diffraction effects.
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Tactile examination of the leakage flow indicated excessive flow through the shoe
low-pressure vent holes, and a lesser flow through the primary seal interface.
The secondary seal piston ring with the rectangular cross-section had no dis-
cernible leakage.

The seal was removed from the fixture and disassembled. Clearly outlined on
the fixture were dust imprints of the shoe seal segments, with a heavy concen-
tration about the outer edge, especially near the shoe center. These dust im-
prints confirmed that the shoes were tilting in such a manner that a gap was
created between the inner edge of the shoes and the seal runner.

To alleviate the tilting, a segmented thrust ring has been fabricated to replace
the one-piece ring formerly in use. The new segments will allow the beveled
thrust rings to align themselves with greater precision. This change also allows
the spring radial load component against the shoe to be directed more positively
toward the two secondary seal pads. Ir. addition, eight low-pressure vent holes
have been added to the existing three low-pressure vent holes in each of the 24
shoes, 96 high-pressure bleed holes have been added to the seal carrier ring,
and the existing 48 high-pressure bleed holes have been enlarged. At the end

of the reporting period, the seal had been reinstalled in the static test fixture
and was ready for a second room-temperature calibration.

B. ONE-SIDE FLOATED-SHOE INTERSTAGE SEAL

The one-side floated-shoe interstage seal is very similar to the one-side floated-
shoe end seal shown in Figure 1. The only differences between the seals are those
caused by the slightly different mechanical requirements for sealing in the end
and interstage positions,

Most of the work on the one-side floated-shoe interstage seal during this reporting
period was concerned with fabrication. Some difficulty was encountered with the
hardcoat on the floating-shoe seal segments. The shoes were coated with aluminum
oxide (LA-2), which chipped during the final machining operation. Recoating

and remachining solved the problem and the parts were brought to the correct
dimensions. Once the hardcoating problem had been solved, the shoes were
instrumented with proximity probes and thermocouples and assembled in the

seal.

Fabrication and assembly of the seal were completed in October, and the seal _
was shipped to Pratt & Whitney Aircraft. The assembled seal is shown in Figures
8 and 9. When the seal was received, inspection checks were performed on

some of the more accessible critical dimensions, such as the depths of the Rayleigh
pads and the end gaps between the floating-shoe seal segments.

PAGE NO. 5



PRATT & WHITNEY AIRCRAFT PWA-3597

The preliminary checkout of the one-side floated-shoe interstage seal was per-
formed in a static test fixture similar to that used for the end seal. The fixture

is shown schematically in Figure 10. The preliminary static checkout of the seal
showed results similar to those from the static check of the end seal: leakage

was excessive and there is the same sudden increase in film thickness between
seal pressure differentials of 30 and 40 psi. The leakage is shown in Figure 11

and the reading of the proximity probe is shown in Figure 12. At the end of the
reporting period, it was decided that the interstage seal would be reworked in

the same manner as the end seal. The thrust ring will be segmented, low-pressure
vent holes will be added to the shoes, existing high-pressure bleed holes in the

seal carrier ring will be enlarged, and additional high-pressure holes will be
machined in the seal carrier ring.

C. OC DIAPHRAGM END SEAL AND SEMIRIGID INTERSTAGE SEAL

The OC diaphragm end seal (shown schematically in Figure 13) employs a thin,
flexible one-piece strip as the primary seal element, providing a high degree
of conformity to runner distortion.. The thin strip is supported by three C-shaped
semitoroidal diaphragms mounted on a floating seal carrier ring. The seal
carrier ring provides for axial travel relative to the main engine structure, and
a secondary seal piston ring is used between the carrier and the seal mounting
ring. One of the C diaphragms forms a seal between the high-pressure and the
low-pressure areas. The other two C diaphragms face each other and form a
chamber to which the high-pressure air is admitted. This design, therefore,
permits direct balancing of the moments on the thin strip. The OC design does
not use the T-section strip required to properly balance moments in the thin-
strip designs previously considered. It also permits a decrease in the thickness
of the strip relative to other thin-strip designs. Thus, it offers the opportunity
of generating a section with increased flexibility and better tracking capability.
Furthermore, the moment balance is achieved with methods which are more
nearly independent of angular displacements of the strip, making a low residual
moment imbalance easier to achieve.

The semirigid interstage seal (shown schematically in Figure 14) operates on
the same basic principle as the OC diaphragm end seal: leakage is controlled

by controlling clearance. Primary sealing is accomplished at the seal face,
which consists of a single land. This land has a spiral-groove inherently com-
pensated orifice profile, and acts as a bearing and seal combination. The angular
stiffness of a single land bearing is very low, As a result, the seal ring must
be rigid enough to absorb residual bending moments without appreciable de-
formation of the seal face. To accomplish this, substantial seal-ring axial length
is required. Moreover, the seal ring must also serve as a housing for the piston
ring required for secondary sealing, one of the seals being formed by contact
between the side of the piston ring and the seal ring. It should be noted that the
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combination of seal axial length and piston-ring confact is conducive to the generation
of high thermal gradients. Thermal gradients in turn cause the seal surface to
deform, and through this deformation they may seriously affect seal performance.

In order to minimize the extent of thermal gradients and seal deformations, the
following steps have been taken:

® Duranickel 301 was selected as the seal material to provide high thermal
conductivity in combination with an adequate coefficient of thermal ex-

pansion. Commercially pure nickel was considered for the seal, but it
appeared that this material would lack structural strength and would
have undesirable creep properties. Molybdenum alloy TZM would pro-
vide excellent thermal conductivity and a substantially lower coefficient
of expansion, but would be prhibitively expensive.

® The secondary seal piston ring was insulated through the inclusion of
a thermal barrier in the form of a radial annular slot.

® The cross section of the primary seal element was designed to minimize
thermal distortion through the use of a nearly constant temperature
projection on the seal's outer edge close to the seal face.

-®  The seal's tracking performance characteristics indicate tolerance to
some degree of distortion. Thermal distortion produces a convergent
flow path, as described in Semiannual Reports 4 and 5 (PWA=3147 and
3302). The seal was designed so that if slight convergent distortion
occurs, the net result is an increase in flim thickness , reduction in
heat generation at the seal face, and an increase in leakage flow. The
increased airflow carries more heat away from the seal face, leaving
less heat to be dissipated by the seal and therefore, lower thermal
gradients, and a modulated thermal distortion.

The seal ring is preloaded with 24 helical coil springs to ensure contact at start
and to permit the development of separating air films at speeds under 30 ft/sec.
Both the seal face and runner are hardcoated with chrome carbide. This com-
bination was selected with regard to compatibility at high temperature and re-
sistance to wear. This material is identical to the hardcoat used for the OC
diaphragm seal.

All of the work on the OC diaphragm end seal and the semirigid interstage seal
during this reporting period has been concerned with seal fabrication. Purchase
orders for both seals were approved by NASA in August, 1968 and orders for the
seals were placed with the vendor in the same month. At the end of the reporting

7
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period, many small detail parts had been completed and nearly all of the rough
machining had been completed. Some finish work and heat treating had also
been completed.

D. COMPRESSOR SEAL TEST RIG

Early in the reporting period, the test rig was mounted on the rig transporter
and installed in the test stand in preparation for the initial checkout. The rig

is shown mounted on the transporter in Figure 15 and installed in the test stand
in Figure 16. The initial checkout was conducted for about five hours at speeds
ranging up to 7500 rpm. Once a starting procedure had been worked out, the

rig presented no running problems, and vibration levels were very low. When
the initial checkout had been completed, the rig was disassembled for inspection,
which revealed several discrepancies.

When the splined jumper shaft was removed from the rig, it was found that some
of the spline teeth had worn. The shaft was reoperated to dress the teeth and

to provide more clearance for oil flow through the splines. To reduce wear in
the future, the splines were flashed with AMS 2406 chrome to a thickness of
0.0004 to 0.0005 inch, When the rig was further disassembled, it was discovered
that the main roller bearing had failed. Some of the rollers and several areas
on the outer race were severely scored, apparently, because of the high preload
on the bearing. To alleviate this condition, most of the preload was removed,
and the bore of the bearing was increased to the maximum possible diameter.
During the initial checkout, it had been found that there was an interference in
the linkages which controlled the axial movement of the cases, so the cases and
the links were reoperated to remove the interference. To eliminate a slight sag
of the rig case on the supporting rollers, a stiffener ring was made and pinned
in place on the thrust-bearing end of the case. This ring surrounds the support
pads and prevents them from deflecting. The seal centerline will therefore
remain parallel and coincident with the disk centerline within dimensional
limitations.

When the rework had been completed, the test rig was reassembled with the one-
side floated-shoe end seal in place. All thermocouples for the rig and seal were
checked out after the rig had been reassembled. Some were found to be in-
operative, but this condition was not considered to be a problem because of built-
in redundancy. The final step in the rebuild of the rig was the machining of
additional ports in the seal leakage compartment of the rig case to ensure the
attainment of low back pressure on the test seals. Since that time, the rig has
been installed on the test stand and used in the preliminary checkout of the one-
side floated-shoe end seal. The operation of the rig was normal, and no further
discrepancies were noted when the rig was disassembled to remove the test seal.
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E. TEST STAND

The principal work performed on the test stand during this reporting period was
the correction of a combustion instability which was discovered at the end of the
previous reporting period. The instability was traced to the burner can, which
was reworked to a new configuration. The reworked can was tested in a burner
stand, and showed satisfactory performance over a range of flows equal to those
required for the Task II tests., The burner was then reinstalled in the test stand.
The heater was successfully lit off six times, and operation was satisfactory
‘over a range of air flows. However, continued calibration of the burner system
revealed an unstable condition when using the low flow secondary portion of the
burner fuel nozzle. It was decided that a fuel nozzle having sufficient primary
flow to eliminate the need for secondary fuel flow would be used. Several nozzles
were tried and an early JT9D nozzle was selected for use in the burner assembly.
This nozzle has excellent characteristics at high fuel and air flows on primary
supply alone. However, it is slightly unstable at the lowest flows. This will not
be a problem, however, as two different bleed systems are available. An
adequate burner flow for stable operation without compromising seal or rig
performance will, therefore, be used.

In addition to the work on the burner, some minor revisions to the stand plumbing
were made to facilitate pressure control in the rig and to increase the accuracy
of some flow measurements. To guard the rig against excessive pressure,
high-temperature pressure relief valves were installed in the air lines.

When these modifications had been completed, the stand was used for the first
static test of the one-side floated-shoe end seal. The operation of the stand was
normal in every respect, and no new problems were encountered.
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III. TASK III - COMPRESSOR STATOR PIVOT BUSHINGS
AND SEAL CONCEPT FEASIBILITY ANALYSIS

A feasibility analysis program was conducted on stator vane pivot bushing and
seal concepts for application in compressors for advanced air-breathing pro-
pulsion systems. The first phase of this program consisted of a preliminary
analysis and a screening of various seal concepts prior to the selection of con-
cepts for the detailed feasibility analysis. The analytical effort included a
comparison of the selected concepts to current practice and all calculations,
analyses, and drawings necessary to establish the feasibility of these selected
concepts. This analytical program was subcontracted to Mechanical Technology
Incorporated (MTI) of Latham, New York, and was monitored by Pratt & Whitney
Aircraft as required under the terms of the NASA contract.

Work under Task I has been completed., Pratt & Whitney Aircraft submitted
the latest feasibility designs of the single-bellows and spherical-seat vane pivot
seals to NASA on 19 May 1966, requesting approval to start final design of these
seals under Task IV. An effort was made to simplify the seal designs within
practical limits without making major changes in the basic seal concepts shown
on the MTI drawings. Approval was granted in a letter from NASA dated 31 May
1966.
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IV. TASK IV - PIVOT BUSHING AND SEAL
EXPERIMENTAL EVALUATION

A, INTRODUCTION

This phase of the program provides for final design and procurement of bush-
ings and seals, design and fabrication of a test rig, and experimental evaluation
of bushing and seal assemblies. The final design of the two selected concepts
for experimental evaluation includes all calculations, material determinations,
analyses, and drawings necessary to optimize pivot bushings and seals.

The contract requirement for experimental evaluation of four variable-stator
pivot seals has been completed. Two single-bellows and two spherical seals
were tested under conditions which simulated the final compressor stage of an
advanced engine. Each seal was calibrated in increments over the full pres-
sure and temperature range, with a maximum pressure drop across the seals
of 135 psig and a maximum air temperature of 1200°F. One seal of each design
was tested for forty hours. For the bellows seals, the air leakage rates were
slightly less than the calculated values. For the spherical seals, the leakage
rates were considerably higher.

B. SINGLE BELLOWS SEAL

The first single-bellows test unit (Figure 17) was calibrated according to the
schedule shown in Table I. Leakages are in SCFM, torques are in inch-pounds.

TABLE I
CALIBRATION SCHEDULE

Pressure
20 40 60 80 100 130 135
AIR TEMP. Leakage Torque Leakage Torque Leakage Torque Leakage Torque Leakage Torque Leakage Torque Leakage Torque

°F (SCFM) (IN-LBS) (SCFM) (IN-LBS) (SCFM) (IN-LBS) (SCFM) (IN-LBS) (SCFM) (IN-LBS) (SCFM) (IN-LBS)SCFM) (IN-LBS)
Room Temp. * 6 * ] * 6 * 6 * 8 * 4 * 3
200 * 3 * 3 * 3 * 3 * 2 * 2 * 2
400 * 2 * 2 * 2 * 2 * 1.6 * 1.6
680 * 3.2 * 2 * 2 * 2 * 2 * 2.4
800 * 4.8 * 4.8 * 6.4 * 8 * 8
1000 * 7.2 * 7.2 0.100 7.2
1200 0.031 6.4 0052 6.4
ROOM TEMP * 20+ 0,00023 20+ 0.0014 20+ 0,007 ) 20+ 0.011 20+ 0.014 18.4 0.0177 17.6

* Less than Capability of Instrumentation

Vane Bending Load - 30 in-lbs Static
- + 4,5 in-1bs superimposed at 1725 cps.

Vane Actuation - + 6° Oscillation at 9.6 cpm
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The simulated dynamic and superimposed vibratory bend moments remained
the same throughout the calibration. This seal was subsequently endurance
tested for 20 hours at simulated sea-level take-off conditions and for 20 addi-
tional hours at simulated cruise conditions. The results are shown in the
curves of Figures 18 and 19. As can be seen, seal leakage compares favorably
with the design forecast of 0. 00079 SCFM.

A second single-bellows seal was tested according to the calibration schedule

and actuation torque of Table II.

TABLE II

STATOR PIVOT SEAL - SINGLE BELLOWS CALIBRATION
SCHEDULE AND ACTUATION TORQUE

VANE BENDING
Seal AP PSIG 20 40 60 80 100 120 135 MOMENT

VANE ACTUATION TORQUE

Air Temp °F IN-LBS

Initial R, Temp. 8.3 9 9 11.6 11,3 10,5 11.3 30 in-lbs
200 13.5 12.4 12 9 8.3 7.5 8.6
400 9.5 8.5 9.5 9.5 8.5 9.5
680 11.3 10,9 13,1 13,1 13.9 13.5
800 15 14,5 13 14 13.5
1000 3.6 3.7 4.2 4.8 5,0 10 in-lbs
1200 4,4 4.8 5.2

Final R, Temp. 19.5 15 15,5 15,5 16 16 15 30 in-lbs

The schedule shown in Table II may be correlated with the seal leakage curves
shown in Figure 20.

Changes were made in the calibration schedule of Table I: test points were
added, and the vane bending moment was reduced from 30 inch-pounds to a
more realistic 10 inch-pounds at the 1000°F and the 1200°F test points to more
realistically simulate cruise conditions. This seal also performed favorably.
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C. SPHERICAL SEAT SEAL

PWA-3597

The third unit to be tested was a spherical seat seal. It was subjected to the
pressures, temperatures, and vane bending moments indicated in Table III.

Vane Load
30 In-Lbs
+15% Vib

Vane Load
10 In-Lbs
+15% Vib

Vane Load
30 In-Lbs
+15% Vib

TABLE III
VARIABLE STATOR PIVOT SEAL - NAS3-7605
CALIBRATION SCHEDULE AND VANE ACTUATION TORQUE - IN-LBS
TEST UNIT #3

Air Seal AP - Rig Pressure
40 PSIG 60 PSIG

Temp 20 PSIG

Initial

Room

Temp 15
200°F 13.5
400°F

680°F

800°F

1000°F

1200°F

Final

Room

Temp 14.5

15

14

13

11.5

14,5

6.3

15

13

- 18.5

14

16.5

7.5

Cruise
4,5

14,5

80 PSIG

4.5

15

100 PSIG

15

13

12.5

14

17

4.5

16

120 PSIG

15,5

14

13

14

17

16

135 PSIG

16
13.5
13

Take Off
15

16

Performance of this seal deteriorated as the test progressed. The design fore-

cast for this seal was 0. 0004 SCFM at a AP of 135 psig.

It is apparent from the

curves of Figure 21 that the ability to seal deteriorated as the test progressed.

Two explanations can be put forth: As the carbon seat began to wear, the debris
collected as small accumulations of carbon between the sealing interfaces creat-
ed an air gap and thus providing a leakage path. Another possible explanation is
the failure of the seat to find a positive sealing position with the mating spherical

seal when the vane is cocked under the bending moment.

This situation was sug-~

gested when a second spherical seal unit was calibrated and endurance tested.

Performance of a second seal (Test Unit 4) was also less than expected (Figure

22). Calibration (Table IV) was only slightly better than the first seal.

During

testing, the misalignment of the seat and the spherical seal became apparent. It
can be seen from the endurance leakage data points plotted in Figure 23 that at
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Vane Load
30 ITn-Lbs
+15% Vib

Vane Load
10 In-Lbs
+15% Vib

Vane Load
30 In-Lbs
+15% Vib

Air
Temp

Initial

Room

Temp
200°F

400°F

680°F

800°F

1000°F
1200°F
Final

Room
Temp

TABLE IV
VARIABLE STATOR PIVOT SEAL - NAS3-7605
CALIBRATION SCHEDULE AND VANE ACTUATION TORQUE - IN-LBS

Seal AP - Rig Pressure

20 PSIG

12,8

13.5

18.5

40 PSIG

12

13

12

13.

18

19

TEST UNIT #4
60 PSIG 80 PSIG
11,3 12,5
13.5 12,5
12 13
13.5 15.5
17.3 17.3
4 4
Cruise
4,1 4,1

20

20

100 PSIG

12,5

13

14

18,5

4.8

21

120 PSIG

13

14

15

20

18

23.1

PWA-3597

135 PSIG

13
14
15

Take Off
20

22.8

sea-level take-off conditions, the seal performance was very erratic when the

vane bending moment is greatest.

At cruise conditions, with a light bending

moment, the seal performance was steady with a relatively low leakage. The
curve through the SLTO data points of Figure 23 represents a limited computer
effort to find an equation to describe the test data. The equation determined

was:

where

y = seal leakage, SCFM

X
-C_+ +
y Cl Cze CSX

x = time, hours
C1 = 0.743316 x 1072
Cg = 0.412958 x 10711
Cg3 = 0.237885 x 1073

PAGE NO. 14
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The vane actuation torque (Figure 24) was high in all four test units because
there was a high coefficient of friction between the AMS 5663 vane sleeve and
the AMS 5387 bushing. In an effort to reduce this friction, a vane sleeve with

a hard-coat of tungsten carbide flame spray has been ordered. This new sleeve
will be tested with a bushing of AMS 5387. Material combinations for the four
variable stator seals tested are given in Table V.

TABLE V
VARIABLE STATOR SEAL MATERIAL COMBINATIONS

Single Bellows

Part Test Unit Material
Vane Sleeve 1 AMS 5663 N. Alloy
2 AMS 5663 N, Alloy
Seal Seat 1 Hardface - Tungsten Carbide
2 Hardface - Chrome Carbide
Seal 1 Hardface - Tungsten Carbide
2 Hardface - Chrome Carbide
Housing Bushing 1 AMS 5387 Cobalt Alloy
2 AMS 5387 Cobalt Alloy
Spherical Seat
Part Test Unit Material
Vane Sleeve 3 AMS 5663 N, Alloy
- 4 AMS 5663 N, Alloy
Spherical Seal 3 Hardface - Chrome Carbide
4 Hardface - Tungsten Carbide
Spherical Seat 3 56HT Carbon
4 AMS 5387 Cobalt Alloy
Housing Bushing 3 AMS 5387 Cobalt Alloy
4 AMS 5387 Cobalt Alloy

After test, the mating seal surfaces of the single-bellows configuration revealed
light rub paths and slight discoloration due to high-temperature effects. At the
conclusion of testing, the seal interface surfaces of the spherical-seal design
appeared to be highly polished. The 56HT carbon seal seat was worn considerably.
Metallic seal parts were slightly discolored after being subjected to temperatures
reaching 1200°F.
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(CN-14385)

One~Side Floated-Shoe End Seal

Figure 2
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Figure 4
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PWA-3597

Initial Room Temperature Static Calibration of the One-Side Floated-

Shoe End Seal
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Figure 6 One-Side Floated-Shoe End Seal, Ambient Air Calibration at Static
Conditions
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Figure 7  One-Side Floated-Shoe End Seal, Ambient Air Calibration at Static

Conditions. Proximity Probe Reading with Static Fixture Held
Vertical
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Figure 10 Cross Section of Fixture for Static Test of the One-Side Floated-Shoe |
Interstage Seal
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Figure 11 Ambient Air Calibration of the One-Side Floated-Shoe Interstage

Seal in Static Fixture

0.8

. /
i
) /
s
va
0.1 A O— /Z,
L] [

0 1 20 30 40 50

- AIR FILM THICKNESS ~ MILS

SEAL PRESSURE DIFFERENTIAL ~ PSI

Primary Seal Air Film Thickness. Ambient Air Calibration of
One-Side Floated-Shoe Interstage Seal in Static Fixture

Figure 12

PAGE NO. 25



PRATT & WHITNEY AIRCRAFT

PWA-3597

ENGINE G

DIRECTION OF SEAL

DISK RUNNER ROTATION

WITH RESPECT TO SEAL FACE

W .

SEAL FACE RAYLEIGH PADS
L‘:%ER,—'(' E—__H ANNULUS FOR LOW PRESSURE

| VENTING
lL o o 4

» . 8 13 *. s 0 2 OUTER

PAD

SPIRAL GROOVES

SEMITOROIDAL DIAPHRAGMS

A VAR UAVAYARAR RN

LOW-PRESSURE AIR

/ SEAL CARRIER RING

SECONDARY SEAL
PISTON RING

\

PRIMARY
SEAL 4/ /1 7/
ELEMENT

S

SEAL MOUNTING RING

SEAL

LOW-PRESSURE VENT HOLES
RUNNER ™

HIGH-PRESSURE
AlIR !

HIGH-PRESSURE
BLEED HOLE
ANTI-ROTATION

PIN: SPRING LOCATION

7
\ i ROTATING PARTS

STATIONARY PARTS
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Compressor Seal Test Rig Mounted on Rig Transporter (CN-13744)
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(CN-14690)

Compressor Seal Test Rig Mounted in Stand

Figure 16
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Figure 17 Schematic of Spherical-Seat Vane Pivot Seal
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Figure 20 Test Results, Seal Leakage Calibration, Bellows Pivot Seal
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Figure 21 Seal Leakage, Spherical Configuration, Test Unit Number Three
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Endurance Results, Test Unit Number Four
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